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1. Introduction
The zeroth-order electric field associated with a field-aligned

electron current sheet is of fundamental importance in the formation of
discrete auroras as has been proposed by Kan and Akasofu (1979). This
electric field -is perpendicular and pointing toward the midplane of the
sheet. Intense electric fie lds of this type have been observed on
auroral field lines at altitudes of a few earth radi i (RE) by Wescott

et al. (1976) and Mozer et al. (1977).
Recently Kan , Lee and Akasofu (1979) showed that the perpendicular

electric field of the field—aligned current sheet develops into a V-shaped
potential structure due to the high conductivity in the ionosphere . As
a result , current-carrying electrons are accelerated downward along
magnetic field lines by the parallel electric field in the V-potential
region and produce discrete auroras.

The purpose of this paper is to show the existence of non-neutral
electron current sheets for adiabatic as well as nonadiabatic electrons
in a Maxwe llian plasma and to relate the characteristics of the current
sheet to the thin auroral arcs of a few hundred meters in lati tudinal
thickness (Maggs and Davis , 1968). Non-neutral electron current sheet
equilibrium -in a monoenergetic plasma has been demonstrated under the
assumption that the current is exactl y parallel to the external field
lines (Kan and Akasofu , 1979). It will be shown in this paper that the
confinement of the non—neutral electron current sheet in a finite temperature
Maxwellian plasma depends on the diamagnetic current perpendicular to
the external magnetic field rather than the parallel current.

3
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2. Basic Equations
Equilibrium configurations of exact charge-neutral current sheets

in a Maxwellian plasma have been studied by Harris (1962), Nicholson

(1963), and K.an (1972). However, a current sheet need not be exactly

neutral, especially when the current -is carried primarily by the electrons. -

A one-dimensional model of the non-neutral current sheet is formulated

on the basis of the Viasov-Maxwel l equations. The current sheet is

assumed parallel to the y-z plane and centered at x 0. The external

magnetic field lies in the positive z-direction. All physical quantities

may depend on x only.

The Vlasov equation is satisfied by any function of the constants

of motion (Lon~~ire , 1963). However, there are constraints on the

function and its argument imposed by the prescribed boundary conditions
of a given current sheet configuration. In this one-dimensional geometry

the constants of motion for the s-th species are

H5 = m
~ 

(v~ + v~ + v~) + 
~~ •(x)

= m5v~ + (q~/c) A~(x) (1)

= m
~
v
~ 

+ (q5/c) A~
(x)

The distribution function is assumed Maxwellian and can be written as

= K~ exp (—e~
/e5) . (2)

4
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where the argument of the exponential function , 

~~~~
, is an energy in

terms of the constants of the motion , 8~ is the thermal energy, and

K5 -is a normalization constant. In general , s~ can be any linear combi nation

of H5, P~5, ~~ ~~ and P~5. However, a particular combination will be

chosen such that the solutions satisfy the desired boundary conditions.

Nonadiabatic-electron current sheet:

The field-aligned current velocity V is assumed to be constant and in

the positive z direction. A diamagnetic current is allowed to flow in

the y direction. Under these assumptions, the ~ quantity for the current-

carrying electrons is chosen to be

Cc 
- VP~ + ~ mV~ + bP

~
/2m (3)

where b is a dimensionless constant pertaining to the diamagnetic current and

m is the electron mass. Upon substituting (3) into (2) the distribution

function of the current-carrying electrons can be written as

‘i
~ 

exp~~v~ (1 +b) (v  + 1 b ~~ +

(v — (4)

where

~ 
N~ exp [(~i A2 + e (

~ - - 
b~ e2

2 Ay
2 J/ec~ 

(5)
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and •~ • Cx 0).
The background electrons and background ions are assumed stationary.

• Density gradients are created in the background electrons and ions by

the electric field of the current sheet. These density gradients produce

no current. The distribution function of the background electrons may

be written as

‘~e 
exp £- (v~ + v~ + v~)/~~2) (6)

where

= Ne exp (e$/Oe)

The background ion distribution function can be written similar to (6) as

1/2 3 n1 exp [- (v 2 
+ v~ + v~)/v0~ 3 (8)

where

= N exp (-e$/0 1) (9)

It is convenient to introduce the following normalized quantities

= e5/e0, n~ = n5/N0, N~ =

= x/X0, V~ = V/v0, E* = E/E0 (10)

~~~
= 

~~~ ~ 
= 

~
/BOAD, •*
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where 80 is a unit thermal energy, N0 is a unit number density , 
~0 is the

external magnetic field , A0 = (60/4nN0e
2)1”2 is the plasma Debye length ,

= 8~/e, E0 = •O1A0 and v0 (20 01m) ½.

The time-independent Maxwell equations , with the aid of the distributi on

functions in (4), (6) and (8) can be written in dimensionless form as

2~~ (11)
dx*2 c e 1

2
v ~~~ y c

2d A~* 
~~~~~~~~~~~~~~ 

(13)

where

n~ = N~ exp (_yV*A~/B + - - yct~A~
2/B (14)

= N~ exp (~*/6*) (15)

= N exp (_~*/9~) (16)

The parameter ~ = 8nN080/B~, y = e0/mc2 and a2 = b/Cl + b) where b is a parameter
introduced in (3). Note that N~ is the number density

of the current—carrying electrons at x* = 0, and N~ = N~ N* is the number

density of the background plasma outside the current sheet.

• 7
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For the auroral field-aligned current sheet ~ ~
. 1D~~ and y ‘. io-2,

the right hand side of (12) and (13) can be set to zero. One obtains

= B*x*, A~ = 0 (17)

The number density in (14) can be rewritten as

n~ = N~ exp ($* - $~)/e~ - x*2/2~
2 (18)

where £* (~8 /ya2B*2 )hhI2 is the normalized half-width of the nonadiabatic-
electron current sheet.

Equation (11) can be solved numerically subject to the boundary .4

conditions

‘~‘ ~~~~~ ‘m

~~~~~~~~ (x * u O ) B O

• 
•(x~) • 0 (19)

~~ ~~~. ( x *) •

where is a constant potential to be determi ned. There are six

• parameters in our problem N~ N~ N* ; N~; 8~; 8~; 8~; and 2*. For a
given set of parameters we must find the value of $~. This is accomplished
by integrating equation (11) starting from x~ = 0 using a trial value

8
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for q~ . The tr i al value for is var ied unt il the boun dary condit i ons
at large x~ in (19) are satisfied.

Adiabatic—electron current sheet:

Adia batic electrons fo ll ow the ~ x ~ drift motion in the y direction.

This motion cannot affect the number density which can only depend on x. Hence ,

the background electrons can be assumed uniform , -i.e.

N~ (20)

Similarly , the number density of the current-carryi ng electrons is

independent of the electric field and is determined externally by the current

source. Hence, it can be assumed to have a Gaussian—shaped profile , i.e. , 
-
‘

= N~ exp 
(_x *2/2*2) (21)

where 2* is the half-width of the density profile. In this case, the

thickness of the current sheet 2Vt is determined by the current source as

long as it is much greater than the electron gyrodiameter. The ion number

density is still given by (16) as long as the ions are not comp le tely magnetized.

3. Numerical Results

In this section we show the numerical results pertaining to the two

types of current sheets formulated in the previous section. In Section

4 we apply these results to discrete auroral arcs characterized by a

specific choice of N0 and

: 1
9
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For.al l examples in this section we fix 0~ = 0.1; 0~ = 1.0;

and N~ = 1.0 for the plasma parameters along auroral field lines. The

value of is then determined by our choice of 2* an d N~. We cons ider
current sheets where the half-width is on the order of the Debye l ength ,

i.e. , ~ Under the quasi-neutrality approximation , equation (11)

evaluated at * = 0 can be written as ~‘. 0~ £n N~/N~, which shows that

the electric potential is on the order of the ion thermal energy. For a

gi ven 2* we choose N~ such that is on the order of 0~.

Nonadiabatic-electron current sheet:

To illustrate nonadiabatic-electron current sheet solutions two

examp les are considered. The first example is present i n Figur e 1 wi th
= 0.5 and N~ = 4.06. Figure la shows the number densities of the

ions and electrons. The width of the electron density profile is on the

order of the Debye length. Note that the current-carrying electrons are

confined within x~ = 1.5 whi l e the background e l ectrons are pus hed out
of the current sheet by the electric potential •* . This behavior is the

cause of the di p in the electron dens ity pro fil e near x* = 1.8. The

ions are attracted to the electron current sheet and partially shield

the electric field. As shown in Figure ib, the depth of the potential

profile -is on the order of the ion thermal energy Cm = 1.2 0~). The

maximum electric field is E~ = 0.8.

The second example is shown in Figure 2 with 2* = 0.2 and

= 7.7. The depth of the potential well is about 1.2. In this

case , the current-carrying electr~ is have a higher number density and t~
current sheet is confined to a smaller region when compared to the example

shown in Figure 1. As a result , the current sheet supports a larger

10
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e lectric f ield , E~ = 1.4. Note that the dip in the electron density profile

in Figure 2a is deeper than the dip in Fi gure la.

Adiabatic-electron current sheet:

Figure 3 shows an adiabatic-electron current sheet solution with 2’~
= 1.0 and N~ = 3.3. The choice of N~ = 3.3 gives $~ 

= 1.2. The width

of the electron density profile is on the order of the Debye length.

The max imum electri c field is E~ = 0.6. There is no dip in the electron

density profile because the electron distribution functio ns are not
affected by the formation of the electric potential.

4. Application to Discrete Auroral Arcs

The numerical solutions we have obtained are valid for any choice P
of N0 and O

~
. 1:

- 
- Consider an auroral field—aligned electron current sheet at 1 RE

altitude where N0 = 1 cm 3 and 0
~ 

= 5 key are the particle number

density and the ion thermal energy , respectively. The magnetic field

• at 1 RE is about 0.06 Gauss. The Debye l ength is A0 ~ 500 m and the electron

gyroradius is 1
~e 

“. 12 in in the absence of the electric field. In this

case , electron motions are adiabatic . Hence , we can appl y the
solution shown in Figure 3 to obtain = = 0.5 key , 0 = 5 key ,

Ne = N = 1 cni3, and Nc 3.3 cm 3. The half-width of the current l ayer

is ~ 500 m. The depth of the potential profile is ‘
~~ 6 key and the maximum

electric field is ~ 6 V/rn .
As a second example , we consider a current sheet at 2 RE alt itude

in which N0 = 0.3 cm 3, e0 = 5 key are the typical particle density



and the typical ion thermal energy, respectively. The magnetic field at

2 RE is ‘~ 0.02 Gauss. In this case, A0 “. 860 m and 
~e 

“~ 45 m in the
absence of the electric field. It can be shown from numerical calculation

of particle trajectories that the electrons are nonadiabatic if the half

wi dth 2 is less than ~‘. 200 in. The nonadiabatic-electron current sheet

solut ion shown in Figure 2 is applicable since I = 0.2 A0 ‘~ 170 in. For

the solut ion in Figure 2 we have Me = N = 0.3 cni3; Mc = 2.3 cm 3;

= = 0.5 key ; and = 5 key. The depth of the potential profile

is ‘~ 6 key and the maximum electric field in the current sheet is ~ 8 V/rn.

5. Conclusion

We have shown the existence of non-neutral field—aligned electron

current sheets in a Maxwell-ian plasma for adiabatic as well as nonadiabatic

electrons. The electric fields are confined within the current

sheet due to the shielding effect of the background ions. If the current-
• carrying electrons are nonadiabatic, the electron number density profile

depends on the electrostatic potential . On the other hand , if the el ectrons

are adiabatic, the electron number density profile is determined externally

by the current source.

The results show that the total potential energy in the non-neutral

current sheet is on the order of the ion thermal energy which ranges from

1. to 10 keV in the plasma sheet. The model gives a maximum electric field

ranging from 1 to 10 V/rn. Due to the short-circuiti ng effect of the

conductive ionosphere, the total potential of the current sheet wi l l  be
forced to be distributed along magnetic field lines as has been shown by

kan et al. (1979). This energy is comparable to the energy of the

precipitating auroral electrons.

12
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Fi gure Captions

Figure 1 A nonadiabatic-electron current sheet solution for

2/A 0 = 0.5.
(a) The dimensionless electron and ion number dens i ty

• pro files as a function of the dimensionless distance ,

x/X0, from the center of the current sheet.

(b) The electric potential and perpendicular electric

f ield profiles as a function of x/A0. For the conditions

at ~
‘. 2 RE alt itude on auroral field lines: N0 = 0.3 cm 3

and 00 = 5 keV giving A0 = 860 in ; •~ 
= 5 kV; and E0 = 5.5 V/rn.

Figure 2 A nonad iabatic-electron current sheet for I/A0 = 0.2.

(a) The dimensionless ion and electron number density profiles

as a function of x/X0. The number density of current carrying

•electrons is greater than for Figure 1, and the current

carrying electrons are confined to a smal l er region.

(b) The electric potential and perpendicular electric field

as a function of x/X0. The electric field supported by

the current sheet is larger than in Figure 1. For the

condition at ~ 2 RE alti tude on aurora] field lines:
N0 = 0.3 ctri3 and S keV giving A0 = 860 m; $~ 

= ~ kv;

• and E0 5.5 V/m.

15
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Figure 3 An adiabatic-electron current sheet solution for 2/A0 = 1.0.
(a) The dimensionless ion and electron number density profiles

as a function of x/A0.

(b) The dimensionless electric potential and perpendicular

electric field as a function of x/A0. For the conditions

at ~ 1. RE altitude on aurora] field lines : N0 = 1 cm 3

and = 5 keV giving A.~ = 500 m; = 5 kV; and E0 = 9.5 V/m.

r
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